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Abstract. An emerging paradigm for the dissipation of magnetic turbulence in the supersonic solar wind is via localized quasi-
2D small-scale magnetic island reconnection processes. An advection-diffusion transport equation for a nearly isotropic particle
distribution describes particle transport and energization in a region of interacting magnetic islands [1; 2]. The dominant charged
particle energization processes are 1) the electric field induced by quasi-2D magnetic island merging, and 2) magnetic island
contraction. The acceleration of charged particles in a “sea of magnetic islands” in a super-Alfve´nic flow, and the energization of
particles by combined diffusive shock acceleration (DSA) and downstream magnetic island reconnection processes are discussed.
Introduction
Reconnection associated with merging and contracting plasmoids (flux ropes) can lead to the first-order Fermi ener-
gization of electrons and ions trapped in the islands [1–6]. Rather hard power law spectra are often found in simula-
tions [6; 7]. The transport theory developed by Zank et al. [1] and le Roux et al. [2] incorporates energy changes to
the charged particle distribution function by magnetic island contraction and merging.
In situ evidence that electrons and possibly ions are energized in solar wind regions filled with magnetic islands
or plasmoids has emerged in the past few years (see [1; 8] for reviews). Possible evidence of electron acceleration by
magnetic islands may have been found by Wang et al. [9]. Quiet time superhalo (∼ 2 - 20 keV) electrons were observed
i) almost exclusively in the slow solar wind, ii) to be isotropically distributed, and iii) to possess power law spectra
in particle speed c−γ, with γ ∈ [5, 8.7]. Nearly half the spectra lie in the interval γ ∈ [6.5, 7.5]. We have suggested
that charged particles can be accelerated during quiet times in the vicinity of the heliospheric current sheet [1; 8; 10],
where a large population of magnetic islands may be expected. Power law distributions for accelerated electrons with
spectral indices ranging from ∼ 6 - 7 between ∼ 0.8 - 2 AU for the simplest case of magnetic island merging can be
derived from the theory of [1]. The origin of the quiet time electron superhalo spectra [9] may be due to stochastic
particle acceleration by distributed magnetic islands in the neighborhood of the heliospheric current sheet.
Charged particle energization, magnetic islands, and transport formalism
Three processes can increase the energy of test particles interacting with a dynamical “sea” of magnetic islands. (1)
As an elongated island contracts, trapped particles experience repeated reflections at either end of the contracting
plasmoid. Particles are energized by a first-order Fermi process [3] due to curvature drift in the direction of the
induced electric field generated at the strongly curved magnetic field at the endpoints of a contracting flux rope, or
in the outflow regions of reconnection sites between merging plasmoids [1–3; 11; 12]. (2) Depending on whether
the magnetic island contraction is compressible or incompressible, the magnetic field strength will either increase
or decrease. In the former case, betatron acceleration of the particle will contribute to the energy gain, whereas in
the latter case, betatron deceleration will result, both a consequence of charged particle conservation of magnetic
moment [1; 2]. The compressible plasmoid contraction case yields a first-order Fermi energization mechanism [1; 2],
whereas the incompressible mechanism corresponds to a second-order Fermi energization mechanism [1; 2; 5]. (3)
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Particles trapped inside an island merger will repeatedly interact with the “anti-reconnection” electric field induced
by the merging process [6; 13; 14], leading to electron heating and energization. Some test particle simulations [6; 14]
concluded that particle acceleration by the induced electric field associated with small-scale magnetic island merging
may be the dominant energization process for particles in reconnection layers. However, test particle simulations of
electron acceleration in a region of cascading magnetically reconnecting magnetic islands [12] suggest that electron
energization is due primarily to magnetic field curvature and gradients, i.e., by either compressible or incompressible
magnetic island contraction. These two sets of somewhat contradictory simulations do not make it clear which process
is likely to dominate the energization of charged particles in flux rope-related reconnection processes. Accordingly,
we retain both mechanisms in our transport theory [1; 2] and explore the effects of both.
Zank et al. [1] derived a transport equation for a gyrotropic distribution of particles experiencing pitch-angle
scattering and energization via the three reconnection-related processes described above for a super-Alfve´nic plasma
flow. The gyrophase-averaged or focused transport equation can be simplified further by assuming a nearly isotropic
particle distribution, yielding a first-order correct advection-diffusion transport equation [1],
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where f = f (x, t, c) is a charged particle distribution function of particle position x, time t, and non-relativistic
speed c. U is the large-scale plasma flow velocity, b ≡ B/|B| the unit vector in the direction of the magnetic field,
|VE | ≡ 1/3q/mδE3τs relates the anti-reconnection electric field along the b direction δE3 to particle scattering via τs,
the characteristic pitch-angle scattering time, and q and m are the particle charge and mass respectively. ηc describes
the characteristic contraction rate of magnetic islands [1; 2; 5; 11; 12], and K describes the spatial diffusion of the
nearly isotropic distribution of particles due to pitch-angle scattering. Three energization terms are present in (1), these
being (i) the divergence of the large-scale background flow velocity; (ii) a similar term for microscopic magnetic island
contraction, and (iii) two mixed derivative terms with coefficient |VE | that incorporate the anti-reconnection electric
field.
The phase space conservation form of the transport equation (1) is given by
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where S ≡ −K · ∇ f − (c/3)(∂ f /∂c) (U − 3|VE |) and Jp ≡ (c/3) (U + |VE |) · ∇ f + (2c/3)ηc f denote streaming in space
and momentum space respectively. Equation (2) determines the particle boundary conditions at a shock wave.
Charged particle acceleration in a super-Alfve´nic flow
Consider perhaps the simplest of problems: a 1D incompressible super-Alfve´nic flow, ∇·U = 0, with a steady injection
of particles of fixed initial speed c0 at the origin. Further assume that the spatial diffusion coefficient is constant. The
steady-state 1D equation may be expressed as (ξ ≡ ln(c/c0), κ = Kxx, and Q ≡ n0c0/(4pic2), and n0 the injected
number density)
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which is hyperbolic. The solution can be expressed in terms of characteristic diffusion τdi f f , island contraction τc, and
diffusive length Ldi f f scales, and the Alfve´n Mach number MA [1]. Hence
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Solutions (4) i.e., for c > c0, are plotted in Fig. 1. The solutions are power laws for virtually all values of c > c0 and
the slope depends on the choice of MA and τc/τdi f f , and is determined by the modified Bessel function.
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FIGURE 1. Plot of the normalized solution (4) for particles accelerated by the anti-reconnection electric field and magnetic island
contraction. Four curves are plotted, one for values of τc/τdi f f < 1 and three for τc/τdi f f > 1. The parameter |VE | is related to MA
[1]. (Left) These solutions assume that MA = 7, possibly appropriate to the inner heliosphere (< 1 AU) or during solar minimum.
(Right) These solutions assume that MA = 11, possibly appropriate to the outer heliosphere (>∼ 2 AU) or during solar maximum.
Combined DSA and downstream magnetic island acceleration
Equation (1) is valid for super-Alfve´nic flows. Since the flow downstream of a fast-mode shock is super-Alfve´nic, the
extended transport equations (1) and (2) can be used at fast-mode shocks. In the context of the shock evolutionary
conditions, upstream perturbations incident on a shock generate vortical fluctuations [15; 16] that are advected away
from the shock downstream. We adopt a planar shock geometry, and solve a spatially 1D form of the transport equation
(1) for prescribed constant upstream and downstream flows U1 and U2. The normalized solution is (see details in [17])
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f¯ (x¯, ξ) = exp
[
−τdi f f /τc
3
U2
|VE | x¯
]
g¯(ξ) +
|VE |
U2
x¯ exp
[
−τdi f f /τc
3
U2
|VE | x¯
]
×
∫ ξ
0
g¯(τ)es1(ξ−τ)
βI1
(
β
√
(ξ − τ) (ξ − τ + 2(|VE |/U2)x¯)
)
√
(ξ − τ) (ξ − τ + 2(|VE |/U2)x¯)
dτ, x¯ > 0; (6)
g¯(ξ) =
1
r − 1
1
Γ
1
α − 3
[
((a − 3) + d(s1 + 3)) e−3ξ + ((α − a) − d(s1 + α)) e−αξ
+ dβ
∫ ξ
0
(
e−3τ − e−ατ
) es1(ξ−τ)
ξ − τ I1 (β(ξ − τ)) dτ
]
. (7)
Solutions (5) and (6) yield power law accelerated particle spectra at the shock. Two predictions can be made for the
general coupled DSA-reconnection particle acceleration model, both of which distinguish this process from conven-
tional DSA. For a sufficiently large value of the downstream parameter U2/|VE |, the particle intensity profile peaks
downstream of the shock and the peak occurs further downstream of the shock with increasing charged particle energy.
We test the above predictions using the Voyager 2 (V2) CRS [18] observations of cosmic rays immediately
upstream and downstream of the heliospheric termination shock (HTS). In Figure 2, we plot 13-day moving averages
with 1 day resolution of the proton flux of a particular energy normalized to its value at the time of the shock crossing.
The 10 energy bins, correspond to an energy range of [1.8, 22] MeV. Several key points are apparent. The first is that
an exponential-like increase in the particle intensity immediately ahead of the shock is present for all energies. This
is consistent with DSA only and no additional acceleration processes ahead of the HTS are necessary. However, the
downstream normalized intensities are completely different from the predictions of conventional DSA theory, which
predicts a flat normalized intensity profile equal to 1 for all energies. Instead, each energy is amplified above its value
at the HTS and the amplification factor is very clearly ordered by increasing energy. The location of the particle
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intensity peak appears to increase with increasing energy. In Figure 2, we plot a set of normalized particle intensity
solutions for the general case in the same format as the observations (see [17] for relevant parameters). The theoretical
curves show that for the corresponding set of normalized energies, we obtain an amplification factor that increases
with increasing energy, and for which the amplification factor is roughly consistent across the observed energies.
Moreover, the location of the intensity peak increases with increasing energy. Based on the observations illustrated
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FIGURE 2. (Left) Flux amplification factor obtained from V2 proton data for the 10 energy ranges listed in the figures, measured
in MeV. (Right) The amplification factor f (x, c/c0)/ f (0, c/c0) for fixed energies as a function of position for the general case.
in Figure 2, it appears that the DSA-magnetic island acceleration mechanism provides an explanation for the overall
intensity profile observed by V2, both upstream and downstream of the HTS. The parameters that are consistent with
the V2 observations suggest that the dominant downstream energization process is magnetic island contraction.
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